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Abstract We study a complex GOES M1.1 circular ribbon flare and related pre-
flare activity on 26 January 2015 [SOL2015-01-26T16:53] in solar active region
NOAA 12268. This flare activity was observed by the Atmospheric Imaging
Assembly (AIA) on board Solar Dynamics Observatory (SDO) and the Reuven
Ramaty High Energy Solar Spectroscopic Imager (RHESSI). The examination
of photospheric magnetograms during the extended period, prior to the event,
suggests the successive development of a so-called “anemone” type magnetic
configuration. The Nonlinear Force Free Field (NLFFF) extrapolation reveals a
fan-spine magnetic configuration with the presence of a coronal null-point. We
found that the pre-flare activity in the active region starts ≈15 min prior to the
main flare in the form of localized bright patches at two locations. A comparison
of locations and spatial structures of the pre-flare activity with magnetic con-
figuration of the corresponding region suggests onset of magnetic reconnection
at the null-point along with the low-atmosphere magnetic reconnection caused
by the emergence and the cancellation of the magnetic flux. The main flare
of M1.1 class is characterized by the formation of a well-developed circular
ribbon along with a region of remote brightening. Remarkably, a set of relatively
compact parallel ribbons formed inside the periphery of the circular ribbon which
developed lateral to the brightest part of the circular ribbon. During the peak
phase of the flare, a coronal jet is observed at the north-east edge of the circular
ribbon which suggests interchange reconnection between large-scale field lines
and low-lying closed field lines. Our investigation suggests a combination of two
distinct processes in which ongoing pre-flare null-point reconnection gets further
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intensified as the confined eruption along with jet activity proceeded from within
the circular ribbon region which results to the formation of inner parallel ribbons
and corresponding post-reconnection arcade.
Keywords: Sun - flares: Sun - corona: Sun - jets: Sun - magnetic fields
1. Introduction
Solar flares are the result of a sudden release of free magnetic energy stored in
active regions (Parker, 1963; Fletcher et al., 2011; Shibata and Magara, 2011).
However, there are also the cases where flares can occur outside the active
region (for example Chandra et al., 2017). Broadly they can be classified in
two categories i.e. eruptive and confined flares (Svestka, 1986). Eruptive flares
are usually long duration two-ribbon flares that show prolonged energy release
(up to several hours). These type of flares occur in association with coronal
mass ejections (CMEs). In contrary, confined flares are short duration flares
showing localized brightening and are not accompanied by CMEs (for detail see
the review by Shibata and Magara, 2011).
According to the morphology, a new category of flares have been reported
which are known as circular ribbon flares (Wang and Liu, 2012). These flares
usually contain a circular or quasi-circular ribbons and an inner ribbon inside
it. Circular ribbon flares can be confined (Masson et al., 2009; Zuccarello et al.,
2017; Hernandez-Perez et al., 2017) as well as eruptive in nature (Hong et al.,
2017; Li et al., 2018). According to the magnetic topology, circular ribbon flares
occur in anemone active regions (Asai et al., 2008). Anemone active regions are
specified as active regions, where a single polarity is surrounded by opposite
polarity in a circular pattern. In some of the circular ribbon flares, one remote
ribbon is present and it normally appears after the formation of the circular
ribbon. However, there are also cases where the remote ribbon appears simul-
taneously with the circular ribbon. Another important ingredient, which has
been observed in many circular ribbon flares, is the presence of jets/surges at
the boundary of the circular ribbon. The combination of circular and remote
ribbons along with jets/surges were also studied in the numerical simulations
(Masson et al., 2009; Pariat, Antiochos, and DeVore, 2010). According to the
literature, the first detailed study of a circular ribbon flare was presented by
Masson et al. (2009). Since then circular ribbon flares have received quite some
attention which resulted in many subsequent studies (e.g., Reid et al., 2012;
Wang and Liu, 2012; Sun et al., 2013; Jiang and Feng, 2013; Xu et al., 2017;
Hernandez-Perez et al., 2017). Very recently, Hao et al. (2017) reported white
light kernels in a circular ribbon flare. Further, with high resolution IRIS data,
the characteristics of two circular ribbon flares were studied (Li et al., 2018).
To explain the general characteristics of eruptive solar flares including the
evolution of flare ribbons and loops, the standard CSHKP model was put for-
ward by Carmichael (1964), Sturrock (1966), Hirayama (1974), and Kopp and
Pneuman (1976). However, this 2-Dimensional model does not explain the forma-
tion of circular flare ribbons. Recently, Aulanier, Janvier, and Schmieder (2012)
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extended the 2D model into 3D (see also the review by Janvier, Aulanier, and
De´moulin, 2015). Circular ribbon flares provide us an opportunity to understand
the flare in 3D because they are related to magnetic field topology of fan-spine or
3D null-point magnetic topology in the corona. Although many circular ribbon
flares have been reported, there are still several questions about the origin of
such flares, such as, why only some flares have remote ribbons together with
circular ribbon?; What is the temporal relation between circular and remote
ribbons?; Why are jets/surges not always present in all the cases?; Why only
few anemone active region produce such type of flares?; etc.
With reference to the above questions, we present here a study of a cir-
cular ribbon flare of GOES class M1.1 observed on 26 January 2015 using
multi-instrument data. An important aspect of present observations is the identi-
fication of distinct pre-flare activity which initiates ≈15 min prior to the circular
ribbon flare. The flaring site exhibits classical fan-spine configuration with a
coronal null-point while the underlying photospheric fields shows “anemone”
type morphology at the site of fan-dome. The main phase of the flare is char-
acterized by the formation of circular ribbon and subsequent remote ribbon
with fine-structured kernels. Afterwards, the circular ribbon evolves into the
parallel ribbons with the formation of a post-flare loop between a set of conjugate
(parallel) ribbons. Further important finding includes the apparent progression
of brightness at remote ribbon location which we attribute to the slipping recon-
nection. The paper is organized as follows: Section 2 provides the information
of the data sets used for the investigation. The analysis and results of the event
based on EUV/UV and X-ray observations are given in Section 3. Finally, we
discuss and conclude our results in Section 4.
2. Observational Data Sets
For the current study, we used the data from following sources:
• SDO/AIA Data: The Atmospheric Imaging Assembly (AIA: Lemen et al.,
2012) on board the Solar Dynamics Observatory (SDO: Pesnell, Thompson,
and Chamberlin, 2012) observes the different layers of the Sun in seven EUV
(94 A˚ (6 MK), 131 A˚ (10 MK), 171 A˚ (600,000 K), 193 A˚ (1 MK), 211 A˚ (2
MK), 304 A˚ (50,000 K), and 335 A˚ (2.5 MK)), two UV (1600 A˚ (10,000 K),
and 1700 A˚ (4500 K)), and one White-light (4500 A˚ (6000 K)) channels with
a cadence of 12 second, 24 second, and 3600 second, respectively. The pixel
size of AIA data is 0.6′′. In this paper, we have analyzed AIA images in 94
A˚, 171 A˚, 304 A˚, and 1600 A˚ wavelengths to study the flare in the corona,
upper transition region, chromosphere, and photosphere, respectively.
• SDO/HMI Data: The Helioseismic Magnetic Imager (HMI: Schou et al.,
2012) on board SDO observe the full disk of the Sun at 6173 A˚ with a
spatial resolution of 1′′. Here, we use LOS magnetic field maps, vector
magnetograms, and white light data of HMI to study the magnetic structure
and sunspot distribution of the active region, respectively.
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• RHESSI Data: The Reuven Ramaty High Energy Solar Spectroscopic
Imager (RHESSI: Lin et al., 2002) performs imaging and spectroscopy of X-
ray and gamma-rays emitted during solar flares. RHESSI observes the full
disk of the Sun with a spatial resolution as fine as 2.3′′ (energy range from
3 keV to 20 MeV). We reconstructed RHESSI imaging using the CLEAN
algorithm. We have used all 9 front detector segments except 2 and 7 to
reconstruct the images. The spatial sampling of the reconstructed images
is 2.0′′ per pixel.
• GONG Data: The Global Oscillation Network Group (GONG: Harvey
et al., 2011) provides full disk Hα filtergram of the Sun. The temporal and
spatial resolutions are 1 min and 2′′, respectively.
3. Analysis and Results
Active region NOAA 12268 emerged on the solar disk on 23 January 2015 at
the heliographic location S10E67 with a β type of magnetic configuration. As
time progressed, the magnetic configuration of the active region changed to more
complex βγ type. The active region completed its journey on the solar disk on
04 February 2015 and its magnetic configuration remained βγ.
On 26 January 2015, the active region produced a GOES flares of class M1.1
(peak time ≈16:53 UT). On that day, the active region was located at S10E35
on the solar disk. The overview of the active region observed by SDO in different
channels and Hα by GONG is presented in Figure 1. The active region consisted
of a large leading sunspot of positive polarity followed by trailing sunspot groups
of mixed polarity region with predominantly negative polarity. Since the flares
occurred in the following polarity region, the location of the main flare was at the
region where positive magnetic polarity was surrounded by negative magnetic
polarity. The active region was also very active during 29–30 January 2015 and
produced six flares of moderate intensities (Zhong et al., 2019).
According to the GOES X-ray observation, the flare started ≈16:46 UT,
peaked at ≈16:53 UT and ended at ≈16:58 UT. The flare was compact in
nature and not associated with a filament eruption or CME. However, during
the flare, jet activity was observed, suggesting a confined eruption along large-
scale field lines. Figure 2 displays the temporal evolution of the flare in X-rays
and EUV/UV wavelengths. The time profiles can be divided into four parts
namely, pre-flare phase, impulsive phase, maximum phase, and decay phase.
The description of these phases are presented as follows:
The pre-flare phase (between 16:32–16:48 UT) is visible in the GOES 0.5–4
A˚ channel of and RHESSI 3–6 and 6–12 keV energy bands along with several
AIA EUV/UV (1600, 304, 193, 171, and 94 A˚) wavelengths (see Figure 2). The
impulsive phase (between 16:48–16:50 UT) of the flare starts ≈4 min earlier in
the RHESSI lower energy bands (3–6 and 6–12 keV) in comparison to higher
energy bands (12–25 and 25–50 keV). The maximum phase (starting from≈16:50
UT) shows two peaks at 16:51 UT and 16:58 UT in all the RHESSI energy bands
and in some of the AIA EUV channels (193 and 171 A˚). Here it is to be noted
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Figure 1. Multi-wavelength view of NOAA AR 12268. HMI continuum (a) and HMI mag-
netogram (b) showing that the leading sunspot have positive magnetic polarity and multiple
smaller trailing sunspots have mixed (positive and negative) magnetic polarity. The AIA 171
A˚ image with over-plotted magnetic field is shown in (c). Blue and red contours corresponds to
positive and negative magnetic polarities, respectively. The levels of these contours are ±150,
±300, and ±600 G, respectively. The GONG Hα image is shown in (d).
that AIA 94, 304, and 1600 A˚ shows only one peak. The peak of 304 and 1600 A˚
are co-temporal with the first peak, whereas AIA 94 A˚ coincides with the second
peak time. After maximum, the decay phase of the flare starts from ≈17:00 UT
onward, showing a gradual decrease.
3.1. Pre-flare Activity
The pre-flare phase is defined between 16:32 UT and 16:48 UT. We found slight
increase in the intensity of the flaring region during this period. Figures 3a
and 3b show the evolution of the pre-flare activity in AIA 304 A˚ images. The
first brightening in the active region was observed around 16:34 UT. After ≈3
minutes, the brightening becomes more significant (see Figure 3b). Notably, pre-
flare brightening at ≈16:37 UT agrees with the intensity enhancement seen in
the AIA 304 A˚ time profile of the circular ribbon region shown in Figure 4b. On
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Figure 2. GOES, RHESSI and AIA light curves showing the evolution of the M1.1 class
flare. The black and red curves in panel (a) show the GOES X-ray flux in the 1–8 A˚ and 0.5–4
A˚ wavelength bands, respectively. Panel (b) shows RHESSI light curves for energy bands of
3-6 keV (black), 6-12 keV (blue), 12-25 keV (sky), and 25-50 keV (green). A0 and A1 denote
the RHESSI attenuator states of the RHESSI. Panel (c) shows the light curves of AIA for
94 A˚ (sky), 193 A˚ (blue), 171 A˚ (green), 304 A˚ (red), and 1600 A˚ (yellow). The integrated
intensity of different channels is normalized by the maximum of corresponding light curve. The
grey shaded region corresponds to the pre-flare activity in the same active region. For better
visualization, the RHESSI count rates in the 6–12 and 25–50 keV energy bands are scaled by
10 and 1/100, respectively and the normalized intensity corresponding to the AIA UV (1600
A˚) wavelength is scaled by a factor of 0.9 of its maximum intensity.
SOLA: MS_images_between.tex; 20 May 2020; 1:11; p. 6
Confined Circular Ribbon Flare
the other hand, the pre-flare brightening in the hot AIA 94 A˚ filter (temperature
≈6 MK) or higher energy begins about ≈6 min later (≈16:40 UT). The pre-flare
image in AIA 94 A˚ is displayed in Figure 5a which confirms the location of the
pre-flare brightenings to be co-spatial with the brightest emitting region of the
circular ribbon during the peak phase of the flare.
As discussed above, the pre-flare phase was observed in RHESSI measure-
ments up to 12 keV energies. For the whole pre-flare phase, the RHEESI de-
tectors were in the A0 attenuator state, i.e., the imaging was done with the
maximum sensitivity limit of the detectors. Therefore, the X-ray images during
the pre-flare phase with mild emission are quite reliable. To discuss the spatial
evolution of the X-ray sources, we have reconstructed pre-flare images in 3–6 and
6–12 keV energy bands (Figure 6a and 6b). We found single and extended X-ray
sources in both energy bands (i.e. 3–6 and 6–12 keV) and the centroid of the
sources were almost co-spatial. The location of the X-ray sources were consistent
with the EUV brightening. The pre-flare activity suggests that the region where
the circular ribbon developed revealed already energy release in the pre-flare
phase. This shows the connection between the pre-flare activity and the later
main flare reconnection.
3.2. Development of Circular Ribbon Flare and Remote Brightening
From the onset of the impulsive phase, some faint circular ribbon flare structure
started to appear. As time progressed, the brightening spread in a circular path
from [-500′′,-85′′] to [-525′′,-65′′] in clockwise direction and finally the circular
ribbon developed completely during the peak phase of the flare (≈16:51 UT). The
development of the circular flare ribbon is presented in Figure 3. Importantly,
at higher coronal temperatures (AIA 94 A˚ images) also, the circular ribbon
became visible around 16:51 UT (Figure 5b). However, the intensity of the
flaring region in 94 A˚ channel shows a delayed peak around 16:58 UT as the
intensity is dominated by loop brightening over the ribbon structure (see also
the accompanying movie in AIA 94 and 304 A˚). To investigate the magnetic
field configuration at the flare site, we have overlaid the contours of the HMI
line-of-sight magnetic field in AIA 1600 A˚ image which is displayed in Figure
3g. From this figure, we can see that the circular ribbon developed along the
circular polarity inversion line.
At ≈16:51 UT, bright material started to eject along the north-east direction
from the brightest south-west part of the circular ribbon and formed ribbon
R2. Now looking at the flare morphology around 16:52 UT, we recognize three
flare ribbons, R1, R2, and R3 (shown by arrows in Figure 3e). Parallel ribbon
formation during a circular ribbon flare was also observed by Zhong et al. (2019)
from the same active region during 29–30 January 2015. Our flare and the flare
studied by Zhong et al. (2019) bear some similarity as well as differences. Zhong
et al. (2019) observed that the parallel ribbons converted from the circular ribbon
in the west part of the circular ribbon. However, our parallel ribbons are not
situated at the location found in the event of Zhong et al. (2019). In our case the
conjugate parallel ribbons (R1 and R2) form at the eastern part of the circular
ribbon. The third ribbon (R3) is situated at the western part of the circular
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Figure 3. Sequence of AIA 304 A˚ images showing snapshots during the pre-flare, main flare
and post-flare phases: (a) and (b) show the pre-flare images during the times of enhanced
emission in GOES, RHESSI, and AIA light curves, (c) corresponds to the impulsive phase of
the flare. Image (d) corresponds to the peak time of the event with the circular ribbon indicated
by an arrow. The remote brightening, flare ribbons (R1, R2, and R3) and jet structures are
shown in (e) and (f), respectively. Panels (g) and (h) show the images in AIA 1600 A˚ wavelength
corresponding to the peak phase of the flare. The yellow and blue contours corresponds to the
positive and negative magnetic fields, respectively.
ribbon. We have also noticed the two ribbon R1 and R2 separated as the time
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Figure 4. AIA 304 A˚ image at the flare peak time (16:51 UT) and light curves for the
selected regions. Panel (a) shows the flare region where the boxes of cyan, blue, and green
colors represent the full flare region, circular ribbon region, and remote brightening region,
respectively. The light curves corresponding to these boxes are shown in panel (b). Two vertical
red lines in panel (b) show the peak time of the flux for these regions. The observed intensity
of each curve is normalized by the corresponding peak intensity.
progresses as commonly observed in the typical two ribbon flares. We could also
see clearly the loops connecting these two ribbons.
After ≈2 minutes of the complete development of the circular ribbon a remote
brightening appears at the location [-390′′,-70′′], ≈130′′ west from the middle
of the circular flaring region. This remote brightening apparently slides 50′′
westward after its first appearance and eventually manifested in terms of a well
developed remote ribbon. The remote ribbon are displayed in Figures 3e, 4a
and 5c. From the time profile of region encompassing the remote ribbon, we
found that the intensity of remote ribbon peaked ≈16:53 UT (Figure 4b). The
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Figure 5. Sequence of AIA 94 A˚ images. Panel (a) shows pre-flare brightening as marked
by arrows. The zoomed view of in the inset of panel (a) shows the pre-flare brightening and
the loops connecting the flare region and remote brightening region. In image (b), the circular
flare ribbon is shown. We can see the oscillation loops after the reconnection as shown in (b)
and (d). The jet and remote brightening associated with the flare are shown in (c). The decay
phase of the flare with large-scale hot loops connecting the main and the remote ribbons is
shown by (e) and (f).
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Figure 6. Spatial evolution of RHESSI X-ray sources during the pre-flare phase and main
flare. The sources during the pre-flare phase are displayed in panel (a) and (b). From panels
(c)-(f), the evolution of X-ray sources during main flare are shown. Here contours of blue,
cyan, yellow, and pink color represent the X-ray sources of 3–6 keV, 6–12 keV, 12–25 keV,
and 25–50 keV energy levels, respectively. The images of RHESSI are re-constructed by using
CLEAN algorithm. The contour levels are set as 40%, 65%, 80%, and 95% of the maximum
intensity.
connectivity of the circular ribbon and remote ribbon can be seen in Figure 5
through connecting loops (marked by arrow in Figure 5d). We also observed the
oscillation of these loops during the flare.
The spatial evolution of X-ray sources during the main flare phase is presented
in Figure 6c–f. Up to the impulsive phase of the flare, we found X-ray sources
only at low energies (3–6 keV and 6–12 keV). On the other hand, during the
peak phase, X-ray sources at higher energy bands (12–25 keV and 25–50 keV)
were also detected.
We compare the location of the X-ray sources with AIA/EUV 304 A˚ images
depicted in Figure 6. The co-aligned images shows that the EUV emission and
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Figure 7. AIA 1600 A˚ image showing the remote ribbons RK1 and RK2 by blue and red
boxes, respectively. The light curve of the two ribbons are displayed in panel (b) showing dual
peaks. The light curves has same colour conventions as in panel (a).
X-ray sources are co-spatial up to the early impulsive phase of the flare. Dur-
ing the flare maximum phase (≈ 16:50 UT), the location of X-ray sources is
shifted towards south-east (about 15′′ towards east and 4′′ towards south). The
shift in the locations of EUV and X-ray sources could be due to the fact that
the sources at different wavelength originate from different heights of the solar
atmosphere. Furthermore, RHESSI imaging analysis reveals that both thermal
and non-thermal X-ray sources are co-spatial. The co-spatiality of thermal and
non-thermal sources are not uncommon in compact flares (see e.g., Kushwaha
et al., 2014). Notably, no distinct foot-point X-ray sources were observed from
the locations of flare ribbons R1and R2. We also tried to reconstruct the X-ray
sources in different energy bands at the site of remote ribbon. However, the X-ray
sources at this site were absent. In this context, it is noteworthy to report two
bright distinct kernels over the remote ribbon in AIA 1600 A˚ images which are
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Figure 8. AIA 304 A˚ images showing the slit (green) taken in the direction of motion of
the plasma blob in panel (b). The black rectangle in panel (b) is zoomed in panel (a) which
shows the moving plasma blob by a small black box. Panel (c) displayed the time-distance plot
corresponding to slice shown in (b).
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presented in Figure 7a (marked as RK1 and RK2). We present time profiles of
intensity of the two kernels in Figure 7b. The time profiles indicate a dual peak
structure with the first one being co-temporal with the overall flare maximum
observed by GOES 1–8 A˚ channel at ≈16:53 UT. The flare kernels observed in
the AIA 1600 A˚ channel indicate that the source of emission was very compact
yet rooted deep up to the upper photospheric levels.
An interesting feature observed in AIA 304 A˚ images is the flow of plasma at
EUV temperatures from the site of circular ribbon to remote ribbon along the
overlying field lines. We present some aspects of these plasma flows in Figure
8. As marked by the black box in the zoomed image of 304 A˚ (Figure 8a), the
plasma flow was observed in the form of moving blobs of plasma. In Figure 8b, we
indicate the trajectory followed by the plasma flow in the 304 A˚ base difference
image by a green dashed line. A time-distance plot along the selected trajectory
is shown in Figure 8c. To enhance the bright moving features, the time-distance
plot has been constructed by the base difference images where the AIA image at
16:30:19 UT is adopted as the base image. The time-distance diagram captures
many instances of moving plasma blobs. However, the flow cannot be observed
continuously from the start to the end locations of the chosen trajectory. The
speed of plasma blobs ranges from ≈30 km s−1 to ≈90 km s−1 .
3.3. Flare Associated Jet Activity
Around 16:52 UT, while the flare was going through the peak phase, jet activity
was observed at the north-east (-500′′, -47′′) edge of the circular ribbon. We have
indicated the jet activity in the 94 A˚ and 304 A˚ images in Figure 9. We notice
that in AIA 94 A˚ wavelength, the jet is visible around 16:52 UT, whereas in
304 A˚ observations, it can be seen at ≈17:00 UT. It means that the jet activity
was first seen at higher coronal temperatures (i.e. in 94 A˚ and also in 131 A˚
wavelength) over the lower temperature emission that originates from transition
region and chromospheric layers (i.e. 304 A˚ wavelength). The estimated speed
and projected height of the jet are ≈300 kms−1 and ≈30 Mm, respectively, and
its life time is ≈13 min. The jet activity continued up to 17:10 UT. We can see
that along the direction of jet eruption the coronal loops extended up to large
coronal heights. The association of jet activity with the circular ribbon flares has
been reported in observations and simulations (Pariat, Antiochos, and DeVore,
2010; Wang and Liu, 2012; Li et al., 2018; Zhang, Li, and Huang, 2018).
RHESSI X-ray sources up to 50 keV energies were also observed close to the
base of the jet activity. This suggests that the jet material is continuously sup-
plied from the reconnection site. Along with the jet activity, the loops connecting
the positive and negative polarity starts to rise from the following polarity site,
where the circular ribbon was formed. Contrary to this, the other end of the loop
system was fixed. Through these connecting loops, the accelerated non-thermal
particles injected from the coronal reconnection region at the following polarity
can travel towards the distant foot-points of the leading polarity causing remote
brightenings at that location. The remote brightening appeared at several places
in the eastern part of the leading polarity sunspot.
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Figure 9. SDO/AIA 94 A˚ and 304 A˚ images showing the jet activity associated with the flare
region. The inset shows an enlarged view of the jet.
3.4. Magnetic Field Evolution and Topology of the Active Region
3.4.1. Photospheric Structure
The occurrence of flare and associated phenomena are closely related to the
active region’s magnetic field configuration. The evolution of the magnetic field is
depicted in Figure 10. When the active region appeared on the disk, it exhibited
mixed magnetic polarities at both the circular ribbon flare site and the remote
ribbon site. The flaring region (shown with the dashed box in Figure 10b) shows
the continuous emergence of photospheric magnetic flux of both polarities for a
long period prior to the flare on 26 January 2015. A few of the dispersed patches
of the magnetic field from this region are of special interest, we mark them as P1,
P2, N1, N2, N3, and N4 (shown in Figure 10d). As time progressed, a part of P1
displayed a slow westward motion and a negative polarity region emerged behind
the slowly moving P1, which is indicated as N5 in Figure 10f. Simultaneously, we
also observed migration of a positive polarity patch (indicated as P3 in Figure
10f) towards N1. The positive polarity P1 further moved towards P2 and finally
P1 and P2 merged around 16:34 UT. Now, we recognize that at circular ribbon
site, the negative polarity patches (N1–N5) surrounded the central positive po-
larity making the entire arrangement similar to an anemone configuration. This
anemone type photospheric structure was co-spatial with the circular ribbon of
the flare, which is shown by red dashed circle in Figure 10g.
SOLA: MS_images_between.tex; 20 May 2020; 1:11; p. 15
P. Devi et al.
Figure 10. Evolution of the magnetic field in the flare region. Panel (a) shows an AIA
94 A˚ image at 16:50 UT showing the circular ribbon of the flare. Panel (b) shows an HMI
magnetogram of the flare region by dashed box and the remote brightening region at P4. The
evolution of the magnetic field for the flaring region with enlarged view of this box is displayed
in panels (c)–(h). Red dashed circle in panel (g) indicate the location of the circular flare
ribbon.
We also observe continuous emergence and cancellation of the flux at remote
brightening site, where positive polarity is more magnetically dominated. We
name this positive polarity as P4 (shown in Figure 10b).
3.4.2. Nonlinear Force Free Field (NLFFF) Extrapolation
To investigate the coronal magnetic configuration associated with the active
region, we have performed a non-linear force free field (NLFFF) extrapolation
using the advanced version of an optimization code developed by Wiegelmann
et al. (2007) and Wiegelmann and Inhester (2010). In Figure 11, we have dis-
played a few of the modelled field lines representing the coronal connectivities
prior to the flare to show the coronal magnetic field configuration of the active
region from different viewing angles. The NLFFF extrapolation result suggests
the presence of a fan-spine configuration involving a coronal null-point in the
active region. Notably, the fan lines (shown by yellow colour in Figure 11a–d)
originated from the mixed polarity trailing region which was associated with
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Figure 11. Panel (a): Non linear force free field (NLFFF) lines associated with the active
region NOAA 12268 during the pre flare phase. The yellow and green lines form a typical
fan-spine configuration. The circular ribbon region involved the fan-spine configuration along
with the pink lines which are a set of low coronal closed magnetic loops. For comparison we
have plotted an AIA 304 image showing the circular ribbons at the base of the extrapolation
volume. Panel (b): NLFFF lines of the overall active region from the different angle. In panel
(c) we plot the degree of squashing factor (Q) on the background AIA 304 A˚. Panel (d): The
fan configuration along with a part of the spine lines showing the approximate location of
the null-point (shown by the orange iso-surface). In panel (e) we plot only the remote ribbon
region along with the associated log(Q) values between [1.1, 2.5]. Panel (f): A vertical surface
passing through the null-point showing the variation of magnetic field strength (|B|). Note
that, the surface in panel (d) is along Y–Z orientation and we have indicated the north and
east directions in the same panel for convenience.
the circular ribbon brightening (highlighted by the dashed circle in Figure 10g).
This mixed polarity region region was also connected with the leading positive
polarity sunspot (indicated by P4 in Figure 10b), by a set of large closed lines
(spine lines).
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As described in sub-section 3.3 and displayed in AIA 94 A˚ image of Figure 5,
we have found that the main circular ribbon flare and the jet site is connected
to the remote flare site through high-lying coronal loops. The jet material ejects
along these high-lying coronal loops. We have modelled these loops using the
NLFFF extrapolation and found two type of field lines (shown in Figure 11):
first are yellow low-lying field lines (fan-structure) and the second are green high-
lying field lines (spine-structure). Usually the jets are observed at the location of
open magnetic field lines and newly emerged magnetic flux, which formed small
field lines (see e.g., Chandra et al., 2017; Joshi et al., 2017 and references cited
therein). However, in our case we found that a set of large-overlying field line
originate from the jet location which closes at larger distances. Thus, it is likely
that the coronal jet resulted as the low-lying bipolar loops within the circular
flare area interacted with the large, apparently uni-polar field lines essentially
forming leg of a high-lying coronal loop system. Therefore, our present case
evidenced that the observed jet is due to the reconnection between the low-lying
and the high-lying magnetic field lines. Such a scenario was also reported in
previous observations (Bentley et al., 2000; Uddin et al., 2012). In such type of
confined magnetic configuration, the material ejected from the jet and associated
accelerated particles are expected to largely remain confined in closed high-lying
loops.
In order to find the photospheric regions with high connectivity gradient, we
calculated the degree of squashing factor (Q) by employing the code developed
by Liu et al. (2016) based on the NLFFF extrapolation results. From Figure 11c,
we readily find that the circular ribbon region was characterized by the highest
Q values in the active region (log(Q)>3.5). Further it is also noticeable that,
the regions associated with the remote ribbon had moderately higher values
of Q compared to the ribbon-less regions. From Figure 11e, we find that the
remote brightening region was associated with Q values between ≈30 and 200
(1.5>log(Q)>2.3).
4. Discussion and Conclusion
In this article, we investigate an M1.1 class solar flare of 26 January 2015. An
important finding of this study lies in the complex morphological evolution of
flare ribbon in anemone-type magnetic field configuration within active region
NOAA 12268, where this confined M1.1 class flare occurred. The flare rises with
the development of the circular ribbon which eventually proceeds with three
parallel ribbon structures within the same region. The main results of our study
are summarized as below:
i) We have observed the pre-flare activity in the active region that spans for
≈15 min in EUV/UV as well as in X-ray energy bands. This pre-flare activity
could provide an important role for the triggering of main circular ribbon
flare.
ii) The evolution of loops visible in AIA 193 A˚ and 94 A˚ reveals following
connectivity: We observed the loops originating from the circular ribbon
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region connect and converge to the distant positive polarity sunspot region
such that the overall structure resembles with fan-spine configuration. In the
decay phase of flare, where two ribbons appeared at the south-east site, we
observed the post-flare loops as visible in a typical two ribbon flares. NLFFF
extrapolation of the active region evidenced the fan-spine magnetic topology
and the presence of null-point in the active region.
iii) The remote flare ribbon exhibited fine structured kernels. An important char-
acteristic of remote ribbon is the progression of brightness from east to west
direction. Further, photospheric region corresponding to the remote ribbon
indicates relatively higher values of degree of squashing factor (Q) that lie in
the range of ≈30 and 200, providing evidence of slipping reconnection.
We have observed the pre-flare activity in the active region prior to ≈15 min
of the main flare. The pre-flare activity in solar flares were also reported in the
past literature (Veronig et al., 2002; Kim et al., 2007; Chandra et al., 2009; Joshi
et al., 2011; Awasthi et al., 2014; Wang et al., 2017; Hernandez-Perez et al., 2019;
Mitra and Joshi, 2019; Mitra, Joshi, and Prasad, 2020). In our study, the co-
spatiality of the pre-flare and main flare emitting regions in X-ray and EUV/UV
provides evidence that pre-flare activity has likely contributed toward triggering
of the main flare. In this context, it is noteworthy that in terms of morphology of
hot plasma structures the pre-flare and the main flare present similarities. The
regions of pre-flare brightenings continued to be visible during the main flare,
albeit with variation in intensity (cf. Figure 3b and 3d).
To find a plausible interpretation of the observed pre-flare activity, we ex-
amine the corresponding region in the photospheric magnetograms during the
period of pre-flare activity (Figure 10g). By this time, the photospheric magnetic
field configuration of the flaring region had evolved into an “anemone” type
configuration (see the region delineated by dashed circle in Figure 10g). The
NLFFF extrapolation suggests a fan-spine configuration involving a coronal null-
point with outer fan-lines being anchored at the periphery of the photospheric
anemone structure (Figure 11a–d). These observations indicate that the pre-flare
brightening, occurring within the periphery of later developed circular ribbon,
is suggestive of the ongoing null-point reconnection which is quite subtle at this
time with no detectable emission at the location of remote ribbons. We further
emphasize that the pre-flare magnetic configuration, as discussed above, has
evolved as a result of continuous flux emergence and cancellation (see Figure 10
and section 3.4.1). In such regions, the pre-flare brightenings are also attributed
to low-atmosphere magnetic reconnection (e.g. Moon et al., 2004; Wang et al.,
2017). Thus our observations suggest the contribution from both the processes
described above that eventually led to a mild yet continuous energy release
≈15 min prior to the main circular ribbon flare. Green et al., 2018 presents
a review of the predictability of solar eruptions. They have discussed that the
numerical simulations and observations (see their table 1) provide evidences that
the pre-flare configuration play an important role for the major flare activity.
The pre-flare activity lower the magnetic tension in the active region and as a
result of this the active region produced main flare.
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The most noticeable characteristic of the M1.1 flare is the development of a
circular ribbon structure and brightening at a distant location which eventually
progresses into the remote ribbon (Figure 4). The circular ribbon is visible in
almost all AIA EUV/UV filters. The circular ribbon structures and associated
remote brightening can be explained by magnetic reconnection at a coronal null-
point located in the fan-spine configuration (Masson et al., 2009; Reid et al.,
2012; Wang and Liu, 2012; Pontin, Galsgaard, and De´moulin, 2016; Hao et al.,
2017; Hernandez-Perez et al., 2017; Li et al., 2018; Zhang, Li, and Huang, 2018).
The topology of the flaring region, inferred from the NLFFF extrapolation, read-
ily supports this scenario (Figure 11a–c) where we find a good match between
observed and modelled structures. These observed structures include the circular
ribbon, remote ribbon, and the overlying loop system connecting the circular
and remote ribbons. We observed a time delay of ≈2 min in the appearance of
remote brightenings with respect to the circular ribbon appearance (Figure 4).
The time delay in the evolution of the circular and remote ribbons has been well
documented in previous studies (e.g. Wang and Liu, 2012; Li et al., 2018).
During the main phase of the M-class flare, we notice moving blobs of plasma
that apparently follow the overlying coronal loops connecting the circular and
remote ribbons. The time-distance diagram based on base difference images
(Figure 8) clearly indicates these plasma flows but they occur within a limited
range of distances only. Hernandez-Perez et al. (2017) reported plasma flows
toward the formation site of remote ribbons from the location of the circular
ribbon in the flare of 29 January 2015, which occurred in the same active region.
However, unlike our case, the plasma flows in their event occurred during the
pre-flare phase (as early as 15 min before the onset) and the continuous flow
patterns were visible between the two distant ribbon locations. Hernandez-Perez
et al. (2017), therefore, concluded that the remote brightenings were caused by
the dissipation of kinetic energy of the plasma flows. In our observations, the
moving plasma blobs appear as temporary structures that fade away much before
reaching to the location of the remote ribbon. Therefore, it is more likely that
the remote ribbon in our case is primarily formed by the interaction of non-
thermal particles, flowing along the overlying coronal loop system connecting
the location of circular ribbon to its remote footpoint, which is well observed
in AIA 94 A˚ images (see the movie accompanying Figure 5). Our interpretation
is consistent with the mechanism of typical circular ribbon flares proposed in
some of the earlier studies (e.g. Tang and Moore, 1982; Nakajima et al., 1985;
Wang and Liu, 2012). The streams of accelerated particles will eventually be
collisionally stopped by the denser layers of the lower solar atmosphere creating
the fine-structured kernels of the remote ribbon.
A careful examination of the remote ribbon suggests the spatial progression of
brightening from east to west direction. In this context, from Figure 11e, we note
that the remote brightening region is associated with high degree of squashing
factor (Q). The calculated value of this Q is found in between 30 and 200. From
such high values of Q, the motion of the remote brightening can be interpreted
in terms of slipping reconnection in this region (Chandra et al., 2011; Aulanier,
Janvier, and Schmieder, 2012; Dud´ık et al., 2014; Li and Zhang, 2014, 2015;
Janvier, Aulanier, and De´moulin, 2015; Dud´ık et al., 2016; Zheng, Chen, and
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Wang, 2016). In fan-spine topology, the slipping magnetic reconnection in QSLs
and null-point reconnection can occur simultaneously (Masson et al., 2009; Reid
et al., 2012; Pontin, Galsgaard, and De´moulin, 2016).
Before the main flare, significant amount of the positive magnetic flux emerged
in the active region (Figure 10). This positive polarity flux emergence got dis-
tributed within the pre-existing patches of negative polarity in such a way that
an overall anemone-type magnetic configuration appeared in the photosphere
(Asai et al., 2008). This kind of magnetic flux distribution in the photosphere is
favorable for the fan-spine structure in the corona.
The NLFFF extrapolation reveals the presence of 3D null at a relatively lower
height i.e. 10±1 Mm (Figure 11f). The appearance of flare brightening in a quasi-
circular pattern right from pre-flare phase, therefore, suggests energy release
due to ongoing 3D reconnection which get enhanced during flare’s main phase.
The formation of parallel ribbons within the periphery of the circular ribbon
suggests onset of standard flare reconnection in the later phase of M1.1 flare.
The formation of parallel ribbon in a confined flare is rather surprising and may
point toward the small scale flux rope eruption (invisible in direct observation
and extrapolation) or interaction between different flux systems within the fan-
dome. These complex observations put constraints on contemporary models of
solar flare. The observations of jet activity in the main flare site also support
the idea that the magnetic reconnection was initiated at a coronal null-point
(Pariat, Antiochos, and DeVore, 2010; Liu et al., 2011; Zeng et al., 2016).
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